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Characterization and organization of the genes encoding the A-, B-
and C-chains of human complement subcomponent Clq
The complete derived ami'no acid sequence of human Clq
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A partial cDNA clone for the A-chain of human complement subcomponent Clq was isolated from a monocyte library.
Use of the A-chain cDNA clone, and a previously characterized B-chain cDNA clone [Reid (1985) Biochem. J. 231,
729-735] allowed the isolation of overlapping cosmid clones that were shown to contain the genes encoding the A-, B-
and C-chains ofhuman Clq. The three genes were found to be aligned, 5'-.3', in the same orientation, in the order A-C-B
on a 24 kb stretch of DNA on chromosome lp. The A-, B- and C-chain genes are approx. 2.5, 2.6 and 3.2 kb long
respectively, and each contains one intron, located within a codon for a glycine residue found half-way along the collagen-
like region present in each chain. These glycine residues are located just before the point where the triple-helical portions
of the Clq molecule appear to bend when viewed in the electron microscope. Southern-blot analyses indicated that there
is only one gene per chain, and preliminary examination of genomic DNA from several Cl q-deficient patients showed no

evidence for major deletions or insertions within the A-, B- or C-chain genes. The DNA sequence of the coding region
of the C-chain gene allows the completion of the entire derived amino acid sequence for the human Clq molecule. The
globular, C-terminal, regions of the chains of Clq show a strong similarity in amino acid sequence to the non-collagen-
like, C-terminal, regions of the type VIII and type X collagens, indicating structural and evolutionary relationships
between these three molecules.

INTRODUCTION

Complement subcomponent Clq (460 kDa) associates with
the proenzymes CIr and CIs (found as a Ca2l-dependent 360 kDa
Clr2C1s2 complex) to yield Cl, the first component of the serum
complement system. Electron-microscopy studies have shown
Clq to be composed of six globular heads linked via six collagen-
like stalks to a fibril-like central region (Svehag et al., 1972;
Shelton et al., 1972; Knobel et al., 1975; Brodsky-Doyle et al.,
1976). The Clq molecule contains 18 polypeptide chains (six A-,
six B- and six C-chains), each of which is approx. 225 amino
acid residues long and contains a collagen-like region of approx.
81 residues, located near the N-terminus, and a C-terminal
globular region of approx. 136 residues (Reid, 1983). The
hexameric structure, seen in the electron microscope, is due to
the formation of six triple-helical regions, between the collagen-
like sequences present in the six A-, six B- and six C-chains,
which are viewed as the central region and stalks, and each of the
globular heads is formed by association of the C-terminal region
of an A-, a B- and a C-chain (Reid, 1976; Reid & Porter, 1976).
The collagen-like regions ofC Iq interact with the Ca2+-dependent
Clr2Cls2 proenzyme complex (Reid et al., 1977; Siegel &
Schumaker, 1983), and efficient activation of Cl takes place on

interaction of the globular heads of Clq with the Fc regions of
IgG or IgM antibody present in immune complexes. The entire
amino acid sequences of the A- and B-chains and the collagen-
like region of the C-chain have been established by previous
protein studies (Reid & Thompson, 1978; Reid, 1979; Reid et al.,
1982) and cDNA studies (Reid, 1985). In the present paper we

describe the characterization and sequencing of genomic clones
encoding the A- and C-chain genes, which provide an ordering of
the A-, B- and C-chain gene cluster, on chromosome lp, and
derivation of the complete amino acid sequence of the human
Clq molecule. Determination of the entire Clq sequence allows
comparison of all three chains with the chains of the type VIII
(Yamaguchi et al., 1989) and type X (Ninomiya et al., 1986)
collagens. Sequence similarity between the C-terminal globular
regions of Clq and the C-terminal regions of these collagens
indicates an evolutionary relationship between these three mole-
cules. The chains of several carbohydrate-binding proteins, such
as mannan-binding protein (Drickamer et al., 1986; Taylor et al.,
1989; Lu et al., 1990), lung surfactant protein SP-A (White et al.,
1985; Voss et al., 1988) and conglutinin (Davis & Lachman,
1984; Strang et al., 1986), also contain a mixture of collagen-like
and globular sequences (which are clearly different from those
found in Clq). These lectins show a strong structural similarity
to Clq when viewed in the electron microscope and one of them,
mannan-binding protein, has been shown to mimic Clq func-
tional activity by its ability to activate the Clr2Cls2 proenzyme
complex after interaction with suitable carbohydrate ligands (Lu
et al., 1990).

MATERIALS AND METHODS

Screening of cDNA and genomic libraries
A human monocyte Agt 10 cDNA library was purchased from

Clontech (Cambridge BioScience, Cambridge, U.K.). The library
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had an average insert size of 0.8 kb and a complexity of 1.4 x105
clones before amplification. Approx. 2.5 x105 plaques were
screened with a 49-base-long unique oligonucleotide probe
corresponding to amino acid residues 109-124 of the A-chain of
Clq (Reid etal., 1982) and constructed by using the codon bias
shown by the B-chain cDNA data (Reid, 1985). Rescreening of
positive clones was carried out with a 53-base-long unique
oligonucleotide probe and a mixture of 64 17-base-long oligo-
nucleotide probes corresponding to residues 186-203 and residues
188-193 of the A-chain respectively. The oligonucleotide
probes were synthesized on an Applied Biosystems (Warrington,
Cheshire, U.K.) DNA Synthesiser, according to the manu-
facturer's instructions, deprotected by incubation at 55°C for
14 h in conc. NH3 solution (2.0 ml), then purified by ethanol
precipitation and electrophoresis on a polyacrylamide gel. The
oligonucleotide probes were radiolabelled and used for hy-
bridization as described by Hanahan & Meselson (1983).

Approx. 5 x105 plaques of a A '4X' human genomic library
were screened with a 0.6 kb A-chain cDNA probe isolated from
the monocyte cDNA library. The DNA used to construct the A
'4X' genomic library was prepared from the cell line GM1416B
(48; XXXX) derived from a patient tetraploid with respect to the
X-chromosome and diploid with respect to autosomes. The
DNA was partially digested with the restriction enzyme MboI,
size-selected to give an average insert size of 15-23 kb, and
cloned into the A vector EMBL3.

Approx. 2 x 105 cosmid clones from a human '4X' cosmid
library were screened with the 0.6 kb A-chain cDNA probe and
a 0.9 kb B-chain cDNA probe (Reid, 1985). The DNA used to
prepare the cosmid library was from the same '4X' cell line used
in the construction of the A '4X' EMBL3 library. For the cosmid
library, the DNA was partially digested with MboI, and frag-
ments, of 35-45 kb, were size-fractionated by sucrose-density-
gradient centrifugation and ligated into the cosmid vector
pDVcosA2 (Knott etal., 1988). The cDNA and genomic libraries
were screened by using standard procedures (Maniatis et al.,
1982; Frischauf et al., 1983; Glover, 1985). Nucleotide sequenc-
ing was performed by both the chemical degradation method
(Maxam & Gilbert, 1980) and the dideoxy chain-termination
method (Sanger etal., 1977). Sequenase (U.S. Biochemical Corp.,
Cleveland, OH, U.S.A.) was used instead of DNA polymerase1
Klenow fragment for the dideoxy chain-termination method and
the primers used in the reactions were either the M13 Universal
Primer or a unique oligonucleotide directed against a region of
sequenced DNA. Fragments for sequencing were subcloned into
M13 mp8 or the BamHI and/or EcoRI sites of the cloning vector
pBS (KS +).

Southern blotting and Northern blotting
Southern blotting of cloned and genomic DNA was carried

out as described by Southern (1979) and Wahl et al. (1979).
Isolation of total RNA was carried out as described by Chirgwin
et al. (1979) and Northern blotting was carried out as described
by Maniatis et al. (1982).

Samples of DNA from families with one, or more, members
showing a complete deficiency of Clq function

Family B. Genomic DNA samples from four members of
Family B in which one child (female P) was Clq-deficient were
provided by Dr. M. J. Walport (Hammersmith Hospital, Lon-
don, U.K.). Samples of DNA were obtained from the mother
(N), father (C), the patient (P) and a sister (J) but not from the
third child, a brother (J). The patient's serum showed no Clq by
either functional or antigenic tests and the patient exhibited
systemic lupus-erythrematosus-like symptoms (from 21 years)
and suffered from dementia (from 25 years), fungal skin infections

and retinitis. The patient died at 28 years of age from uncontrolled
bronchopneumonia.

Family EM. Samples of genomic DNA from three members
(the mother, F, the father, A, and aClq-deficient child, R, who
showed lupus-like disease) of Family EM were provided by
Professor G. Hauptmann (Clinique Dermatologigue et Institut
d'Immunologie, Strasbourg, France). Of the six siblings in the
family four are homozygous for the defect (brother R and sister
G, who show a lupus-like disease, brother H, who has cutaneous
lesions, and brother M, who was healthy at the time of the
study), one was heterozygous for the defect and healthy (sister Z)
and one was homozygous normal (sister A). The defect was
characterized by the presence of an abnormal dysfunctional
Clq molecule that was unable to interact with the Fc region
of aggregated immunoglobulin or with the C1r2Cis2 complex
(Chapuis etal., 1982; Grosshans etal., 1987). Low concentrations
of the abnormal Clq were detected in the sera of both parents,
who were healthy.

Family F. Samples of genomic DNA from five members of
Family F were provided by Dr. J. B. Ziegler (The Prince of
Wales Children's Hospital, Rundwick, N.S.W., Australia). Two
of the three siblings (brother S and sister J) showed functional
Clq deficiency, and the patient,S, had cerebral lupus but no
renal disease. The third child, brother D, showed a normal Clq
function and concentration.

RESULTS

Characterization of an A-chain cDNA clone

Thirty-nine duplicating positive clones were detected on screen-
ing the human monocyte Agt-10 cDNA library with the 49-base-
long oligonucleotide probe. Only one of these clones rescreened
positively with the 53-base-long and the mixture of 64 17-base-
long oligonucleotide probes. This clone was found, following
EcoRI digestion of the purified A DNA, to contain an insert of
516 bp, and sequencing studies showed that it coded for the
amino acid residues 11-223 of the A-chain followed (Fig.1) by
a termination codon plus 174 bp of 3' non-coding sequence
(including the putative polyadenylation sequence AATAAA,
which is underlined in Fig. 1). Extensive screening of the
monocyte Agt 10 cDNA library was carried out with the 516 bp
A-chain cDNA probe, as well as a variety of oligonucleotide
probes, but no further cDNA clones for the A-chain were
detected. Two other cDNA libraries (a 3-day cultured human
monocyte Agt 10 cDNA library and a human spleen Agt 10
cDNA library) were also screened in order to try and isolate a
full-length A-chain cDNA clone. However, no positive clones
were obtained from either of these libraries. Attempts to isolate
cDNA clones for the C-chain of human Clq from these three
libraries and a variety of other cDNA libraries, including the
liver cDNA library from which the B-chain cDNA clone was
isolated (Reid, 1985), were also unsuccessful. It was therefore
decided to complete the cloning of all three chains at the genomic
level.

Characterization of the A-chain gene
One positive clone (A4XC1qA) was obtained on screening

5 x 105 clones of the A '4X' genomic library with the 516 bp
A-chain cDNA probe. The insert was estimated to be 18 kb long.
An 8 kb EcoRI fragment, derived from the insert, which was
considered would contain the complete A-chain gene, was
subcloned into the EcoRI site of the cloning vector pBS (KS +)
and designated 'pCeq A8.OE'. The nucleotide sequence obtained
for the A-chain gene, from this subclone, is shown in Fig. 1, and

1991

482'



Genes encoding the A-, B- and C-chains of human Clq

5' .... ccccataacaca
taagaaaccaggaaaagcctggggtgctagagctggcagtgggacccagcagaggggact
gtaggggcagccagtcacccatgctcaggtggatgctgaaaggcgctgagcatgcagaag
agtgagcaggtgtcgctttgggcgtttgtgaattcctgtgtgtatgcagagctccaccat
ctgggtgagccagtgttaattaaataaggagcaggcgctcaatacatatttgttcaatga
aatcgattacctgtgggagtgtatgaatgtgtgtgtccgtgcaagtagggacagggtcta
tttgggtatcagttgtgtgtctaggggggtatagtggatttctgagtttgcctactgtgt
tttgtaggtgcgtggatgagagctgtgtttgtgtgagtgtgtgaagatgtgggtgtgctc
tgttgcatgtgtggatgtgtgtgagtttgtggttctgtgtatatgcgtggggtcctgggg
ctggattgagagtggacattgagagccccagaggtgcatgtgcacttggggaggactgtg
catatatcattgtgtgcatgggactcaagggtgggagctgggtgtgagtgtgatgtccaa

-22
M E G P R G W L

cctgcccaggccctcccgtgtctccacagaggcatcATGGAGGGTCCCCGGGGATGGCT
-14 1

V L C V L A I S L A S M V T E D L C R A
GTGCTCTGTGTGCTGGCCATATCGCTGGCCTCTATGGTGACCGAGGACTTGTGCCGAGCA
7
P D G K K G E A G R P G R R G R P G L K

CCAGACGGGAAGAAAGGGGAGGCAGGAAGACCTGGCAGACGGGGGCGGCCAGGCCTCAAG
27 33
G E Q G E P (G)
GGGGAGCAAGGGGAGCCCGgtaagcacccttcctcggga.... 1.lkb intron.....

33
G A P G I R T G I Q G L K G

ctggCatttctccccacagGGGCCCCTGGCATCCGGACAGGCATCCAAGGCCTTAAAGGA
47
D Q G E P G P S G N P G K V G Y P G P S

GACCAGGGGGAACCTGGGCCCTCTGGAAACCCCGGCAAGGTGGGCTACCCAGGGCCCAGC
67
G P L G A R G I P G I K G T K G S P G N

GGCCCCCTCGGGGCCCGTGGCATCCCGGGAATTAAAGGCACCAAGGGCAGCCCAGGAAAC
87
I K D Q P R P A F S A I R R N P P M G G

ATCAAGGACCAGCCGAGGCCAGCCTTCTCCGCCATTCGGCGGAACCCCCCAATGGGGGGC
107
N V V I F D T V I T N Q E E P Y Q N H S

AACGTGGTCATCTTCGACACGGTCATCACCAACCAGGAAGAACCGTACCAGAACCACTCC
127
G R F V C T V P G Y Y Y F T F Q V L S Q
GGCCGATTCGTCTGCACTGTACCCGGCTACTACTACTTCACCTTCCAGGTGCTGTCCCAG
147
W E I C L S I V S S S R G Q V R R S L G
TGGGAAATCTGCCTGTCCATCGTCTCCTCCTCAAGGGGCCAGGTCCGACGCTCCCTGGGC
167
F C D T T N K G L F Q V V S G G M V L Q
TTCTGTGACACCACCAACAAGGGGCTCTTCCAGGTGGTGTCAGGGGGCATGGTGCTTCAG
187
L Q Q G D Q V W V E K D P K K G H I Y Q

CTGCAGCAGGGTGACCAGGTCTGGGTTGAAAAAGACCCCAAAAAGGGTCACATTTACCAG
207 223
G S E A D S V F S G F L I F P S A *

GGCTCTGAGGCCGACAGCGTCTTCAGCGGCTTCCTCATCTTCCCATCTGCCTGAgccaggg
aaggaccccctcccccacccacctctctggcttccatgctccgcctgtaaaaagggggcgc
tattgcttcagctgctgaaggagggcatgctctgagagcccagactggctgcccgtgacac
atgctctaagaagctcgtttcttagacctcttcctggaataaaccg-3'

Fig. 1. Nucleotide sequence coding for the A-chain of human Clq

The derived protein sequence is shown above the nucleotide sequence and is predicted to include a 22-residue-long chain leader peptide. The 5'
limit of exon 1 of the A-chain gene was estimated to be in the region of the underlined ClaI site (atcgat), although a putative TATA box 180 bp
downstream is also underlined. The termination codon TGA is indicated by * and the polyadenylation signal aataaa is underlined. The nucleotide
sequence obtained for the 516 bp A-chain cDNA clone, corresponding to residues A111 to A223 and all the 3' non-coding sequence, was found
to be identical with that determined for the genomic clone. At positions A75, A81, A150 and A156, the derived sequence from the DNA studies
indicates proline, lysine, cysteine and serine respectively rather than lysine, proline, asparagine and tryptophan as deduced from the protein
sequencing (Reid, 1979; Reid et al., 1982).

it indicates that the A-chain has a leader sequence of 22 amino the transcription site is approx. 300 bp 5' to the nucleotides
acid residues and that this sequence plus residues 1-32 and the coding for Met-22 (Fig. 1). Thus, with an intron of 1.1 kb, the
first base of the codon for Gly-33 are present in the first exon of entire A chain gene is approx. 2.5 kb long.
the A-chain gene, which is followed by a 1.1 kb intron and a
second exon of approx. 1 kb. Although the 5' limit of exon 1 has Characterization of cosmid clones containing the A-, B- and
not yet been formally established, the presence of 735 bp nucleo- C-chain genes
tides of coding sequence, 180 bp of 3' untranslated sequence and A single cosmid clone 'cosBQl ' containing the entire B-chain
an estimated average '200-base-long poly(A) tail, in conjunction gene had been characterized previously (Reid, 1985}. This cosmid
with an estimated mRNA size of 1.4 kb (see below), suggests that clone did not contain A-chain or C-chain coding sequence as
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Fig. 2. (a) Alignment of the cosmid clones containing the A-, B- and C-chain genes for human Clq and (b) a limited restriction map of the Clq A- and
C-chain genes

Key to restriction enzymes: B, BamHI; C, Clal; E, EcoRI; P, PvuII. A restriction map of the region of the B-chain gene is given in Reid (1985).

judged by using a variety of oligonucleotide probes (constructed

according to the available known amino acid sequence of the

A-chain and partial sequence of the C-chain) and the A-chain

516 bp cDNA probe. Two positive clones (cos4XA2 and cos-

4XB1) were obtained on screening the '4X'-cosmid library with

the 516 bp A-chain cDNA probe, and one of these (cos4XBI)
was also positive with the 0.9 kb B-chain cDNA probe. By use of

the A-chain and B-chain cDNA probes and restriction-enzyme

mapping the three cosmid clones were found to overlap as shown

in Fig. 2, thus encompassing approx. 80 kb of genomic DNA.

The A-chailn and B-chain cDNA probes were found to hybridize

to restriction fragments in a manner that was consistent with the

presence of the A-chain gene on both cos4XA2 and cos4XBlI and

of the B-chain gene on both cos4XBl and cosBQI (Fig. 2).

Identification of the location of the C-chain gene was obtained

when two C-chain 5' oligonucleotide probes (based on the

known N-terminal amino acid sequence of the C-chain) were

found to hybridize to a common set of restriction fragments

derived from both the cos4XA2 and cos4XBl cosmid clones.

Also, use of a 39-base-long oligonucleotide probe, based on the

C-chain 'globular' sequence, indicated that the coding region for

the globular portion of the C-chain was on cos4XBl and not on

cos4XA2 or cosBQI1. It was therefore concluded that clone

cos4XBl contained the genes encoding the A-, B- and C-chains

of ClIq (Fig. 2), and this was confirmed by sequencing the coding

regions of the C-chain gene as shown in Fig. 3. The DNA

sequence predicts that the C-chain has a leader sequence of 28

amino acid residues and that this sequence plus residues 1-32

and the first base of the codon for Gly-33 are present in the first

exon of the C-chain gene, which is followed by a 1.7 kb intron

and a second exon of approx. 900 bp. Although the 5' limit of

exon has not yet been formally established, the presence of 735

nucleotide residues of coding sequence, 300 bp of 3' untranslated

sequence and an estimated 200-base-long poly(A) tail in con-

junction with an estimated mRNA size of 1.5 kb (see below)

indicates that the transcription site is approx. 300 bp 5' to the

nucleotide residues coding for Met-28 (Fig. 3). The entire

C-chain gene is therefore estimated to be approx. 3.2 kb long. The

gene cluster encoding the A-, B- and C-chains of human Clq is

therefore located on a stretch of 24 kb ofDNA on the short arm

of chromosome Ilp (in view of the A- and B-chain genes being

assigned to chromosome ip; Sellar et al., 1987), with the three

genes aligned head-to-tail, 5'-.3', in the order A-C-B.

Northern-blot analysis

The 516 bp A-chain cDNA probe, 0.9 kb B-chain cDNA

probe and a 1.6 kb C-chain genomic probe were used, con-

secutively, to probe a Northern blot of polyadenylated mRNA

isolated from human monocytes cultured for 7 days in 1000

(v/v) autologous serum. This showed that the sizes of the A-, B-

and C-chains of the mRNAs were 1.4, 1.4 and 1.5 kb respectively.

Polyadenylated mRNA isolated from human non-adherent

lymphocytes that had been cultured for 7 days in 10% (v/v)

autologous serum gave no detectable signal on a Northern blot

with the cDNA and genomic probes for the chains of human

Clq.

Southern-blot analysis of DNA from Clq-deficient patients

The A- and B-chain cDNA probes and C-chain genomic probe

were used in Southern-blot analysis of genomic DNA from three

families in which one or more of the family members showed

complete functional Clq deficiency. The probes used in the

analysis were: the 516 bp A-chain cDNA (from exon 2); the

0.9 kb B-chain cDNA (covering exons and 2); a 1.6 kb C-chain
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Genes encoding the A-, B- and C-chains of human Clq

-28
M D V G P S S L P H

5'-tCtCtCcctcCcagttccttctccgggATGGACGTGGGGCCCAGCTCCCTGCCCCAC
-18 1

L G L K L L L L L L L L A L R G Q A N T
CTTGGGCTGAAGCTGCTGCTGCTCCTGCTGCTGCTCGCCCTCAGGGGCCAAGCCAACACA

3
G C Y G I P G M P G L P G A P G K D G Y

GGCTGCTACGGGATCCCAGGGATGCCCGGCCTGCCTGGGGCACCAGGGAAGGATGGGTAC
23 33
D G L P G P K G E P (G)

GACGGACTGCCGGGGCCCAAGGGGGAGCCAGgtgagtctgctggcctggtttgggg....
33
G I P A I P

............. 1.7kb intron........ ccatctccagGAATCCCAGCCATTCCC
39
G I R G P K G Q K G E P G L P G H P G K

GGGATCCGAGGACCCAAAGGGCAGAAGGGAGAACCCGGCTTACCCGGCCATCCTGGGAAA
59
N G P M G P P G M P G V P G P M G I P G

AATGGCCCCATGGGACCCCCTGGGATGCCAGGGGTGCCCGGCCCCATGGGCATCCCTGGA
79
E P G E E G R Y K Q K F Q S V F T V T R

GAGCCAGGTGAGGAGGGCAGATACAAGCAGAAATTCCAGTCAGTGTTCACGGTCACTCGG
99
Q T H Q P P A P N S L I R F N A V L T N

CAGACCCACCAGCCCCCTGCACCCAACAGCCTGATCAGATTCAACGCGGTACTTACCAAC
119

P Q G D Y D T S T G K F T C K V P G L Y
CCGCAGGGAGATTATGACACGAGCACTGGCAAGTTCACCTGCAAAGTCCCCGGCCTCTAC
139
Y F V Y H A S H T A N L C V L L Y R S G

TACTTTGTCTACCACGCGTCGCATACAGCCAACCTGTGCGTGCTGCTGTACCGCAGCGGC
159
V K V V T F C G H T S K T N Q V N S G G

GTCAAAGTGGTCACCTTCTGTGGCCACACGTCCAAAACCAATCAGGTCAACTCGGGCGGT
179
V L L R L Q V G E E V W L A V N D Y Y D

GTGCTGCTGAGGTTGCAGGTGGGCGAGGAGGTGTGGCTGGCTGTCAATGACTACTACGAC
199 217
M V G I Q G S D S V F S G F L L F PD *

ATGGTGGGCATCCAGGGCTCTGACAGCGTCTTCTCCGGCTTCCTGCTCTTCCCCGACTAG
ggcgggcagatgcgctcgagacccacgggccttccacctcctcagcttctgctaggaccc
accttactggccagtctgcatccttgcctagaccattctcccctccagggagcccaccct
gacccacccccactgcaccccctccccatgggttctctccttcctctgaacttctttagg
agtcactgcttgtgtggttcctgggacacttaaccaatgccttctggtactgccattctt
tttttttttttttcaagtattggaaggggtggggagatatataataatcatgaaatca
atacatatgcctggctcagattcctcattgctgattccttgaat .....3'

Fig. 3. Nucleotide sequence of the Clq C-chain gene

The nucleotide sequence of the human Clq C-chain gene is shown with the derived protein sequence given above. The 5' limit of exon 1 was not
determined and 28-residue-long leader peptide is predicted. The termination codon TAG is indicated by * and the putative polyadenylation signal
aataaa is underlined. The derived amino acid sequence for the human C-chain shows differences on comparison with the published protein data
(Reid, 1979), where at positions C29, C38, C44, C56, C59 and C62 the residues lysine, proline, lysine, proline, asparagine and methionine were
predicted rather than the hydroxyproline, hydroxylysine, hydroxyproline, hydroxylysine, aspartic acid and asparagine residues identified by
sequencing. It is not yet known if any of these differences represent polymorphic sites.

genomic fragment (covering exon 2). Four restriction enzymes,
EcoRI, TaqI, Bglll and PvuII, were used in the study. In all cases
no differences were seen between the Southern-blotting band
patterns obtained for normal individuals and for known Clq-
deficient patients and their immediate families.

DISCUSSION

The restriction mapping and sequencing studies have estab-
lished that the genes encoding the chains of human Clq are
arranged in a 5'-.3' orientation, in the order A-C-B, with the
A-chain, and C-chain genes being separated by approx. 4 kb and
the C-chain and B-chain genes being separated by approx. 11 kb
(Fig. 2). The cluster of Clq-chain genes has been mapped to
chromosome lp34. 1-lp36.3 (Sellar & Reid, 1989), but the
direction of transcription and order of the genes with respect to
the centromere is as yet unknown. Two other clusters of genes

for proteins associated with the complement system are known
to lie on chromosome 1: (i) the genes of the regulators of
complement activation (RCA) locus at 1q32, which includes the
a- and f-chains of C4-binding protein, complement receptor 1,
complement receptor 2, decay acceleration factor, membrane
cofactor protein and Factor H (Rey-Campos et al., 1988; Pardo-
Manuel et al., 1990); (ii) the a- and f-chains of the terminal
attack component C8, within 2.5 kb of each other, in the lp
region (Kaufman et al., 1989). However, the RCA locus is clearly
quite distant from the genes encoding the chains of Clq, and
further mapping studies are required to determine whether the
C8 a-chain and ,-chain genes are relatively close to the Clq
genes, although lack of similarity in amino acid sequence between
the chains of C8 and the chains of Clq indicates the proteins are
not related.
Use of the A-, B- and C-chain probes on Northern blots of

mRNA from cultured monocytes showed clearly that macro-
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190

Human A: L
Human B: L
Htuman C: L
Mouse B: L
Conserved

residues L

Q
E
Q
E

Q G D
Q G E
V G E
Q E E

Q
N
E
V

V W V E
V F L Q
V W L A
V H L Q

V

220
Human A: S V F S G F L I FP
Human B: S I F S G F L L FP
Human C: S V F S G F L L FP
Mouse B: S I F T G F L L FP
Conserved

residues S F G F L FP

200

K - D P K
A T D K N
V N D Y Y
A T D K N

210
K G H I Y Q G S E A D
S L L G M E G - - A N
D M V G I Q G S - - D
S L L G I E G - - A N

D i G

226
S A *
D M E A *
D *
D M D A *

Fig. 4. Alignment of the derived amino acid sequences of the A-, B- and C-chains of human Clq and the B-chain of mouse Clq (Petry et al., 1989; Wood
et al., 1988)

(a) Alignment of the leader peptides. (b) Alignment of the N-terminal collagen-like regions. - denotes that a gap has been inserted. The human
B-chain numbering is used. The lysine and proline residues in the following positions (all based on the B-chain numbering shown in this Figure)
are considered to be hydroxylated: A-chain, positions 11, 17, 23, 26, 35, 38, 47, 53, 59, 65, 80, 83 and 86: B-chain, positions 8, 11, 17, 26, 29, 32,
35, 38, 50, 56, 59, 65, 71, 74, 77, 80 and 83; C-chain, positions 8, 11, 14, 17, 26, 29, 38, 41, 47, 50, 56, 59, 68, 71, 74 and 80 (Reid, 1979). (c) Alignment
of the C-terminal globular regions. - denotes that a gap has been inserted. The human B-chain numbering is used.

phage-like adherent cells are a primary source of mRNA for the
chains and seem likely to be a major source of serum Clq, and
this is consistent with studies carried out at the protein level
(Tenner & Volkin, 1986; Bensa et al., 1983). Although it might
be expected that the chains would be expressed in equimolar
amounts, Northern-blot analysis of polyadenylated mRNA iso-
lated from a 7-day culture of adherent monocytes indicated that
the concentration of the A-chain mRNA in monocyte-derived
macrophages was several-fold higher than that of the B-chain or
C-chain mRNAs.
Use of the A-, B- and C-chain probes in Southern-blot analysis

ofgenomic DNA from Clq-deficient patients from three different
families (B, EM and F, as detailed in the Materials and methods
section) showed that none of these affected individuals possessed
any gross deletions or insertions in their structural genes. Identical
Southern-blotting patterns were obtained for DNA from the
Clq-deficient patients, putative heterozygotes for the deficiency
and normal individuals. To date, the only Clq deficiency that has
been fully characterized at the DNA level is in a patient who
showed the loss of a TaqI restriction site in the B-chain gene by
virtue of a homozygous point mutation in the DNA coding for
residue 150 in the B-chain that results in the appearance of a
termination codon at this position (McAdam et al., 1988). No
material corresponding to the A- or C-chains or a truncated
B-chain appeared to be present in the patient's serum, suggesting
that a virtually complete B-chain must be synthesized before
assembly and secretion of any modified form of Clq. TaqI was
one of the restriction enzymes used in the study of the genomic
DNA from the three Clq-deficient families examined in the
present investigation, and no evidence for a similar point
mutation to that characterized previously (McAdam et al., 1988)
was seen. Use of the human C-chain probe has revealed the lack
of two Styl restriction-enzyme sites in the C-chain gene in three
Clq-deficient patients, from the same family, and at least one of
these sites lies within the coding sequence for the C-chain (Petry
et al., 1990). Thus it seems likely that the lesions underlying the
genetic deficiency of Clq are varied and may be attributable to
a number of different point mutations, or small deletion or
insertion events, either within the structural portion of the gene
or in the control regions. The Southern-blotting data also
provided no evidence for the existence of more than one type of
gene coding for each chain, which is relevant to the finding that
cultured fibroblasts, from Clq-deficient patients and a normal
individual, could synthesize and secrete a Clq-like molecule
having chains of apparently greater molecular mass than those of
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normal Clq (Skok et al., 1981). This observation was interpreted
as there being distinct genes for normal serum Clq. However, in
view of the Southern-blotting data, it seems more likely that the
production of Clq (or a Clq-like molecule) in fibroblasts would
involve the same genes and that there would be fibroblast-specific
and macrophage-specific controlling elements that would allow
for differential expression of the chains of Clq between cell
types.
DNA sequencing has allowed the complete derivation of the

amino acid sequences of the A- and C-chains of human Clq
(Figs. 1 and 2), which, along with the sequence for the B-chain
(Reid, 1985), gives the entire amino acid sequence of the Clq
molecule (Fig. 4). These three amino acid sequences are com-
pared, in Fig. 4, with each other and with the derived sequence
of the B-chain of mouse Clq (Wood et al., 1988; Petry et al.,
1989). The derived sequence of the A-chain of mouse Clq has
been established and presented (Petry & Loos, 1989), but the
complete sequence has not yet been published. The human and
mouse Clq chains all show hydrophobic leader peptides that are
cleaved off and not found in the mature serum forms of the
chains (Fig. 4a). The three human leader sequences, apart from
the presence of a leucine-rich core in the B- and C-chains, do not
show any significant degree of identity (Fig. 4a). The human A-
and B-chain leader sequences show approx. 50% identity with
the corresponding mouse A- and B-chain sequences. In each
chain the amino acid occupying position - I is either alanine or
threonine, which conforms to the general rule that the amino
acid in this position, which precedes cleavage by the signal
peptidase, tends to be small and with an uncharged side chain
(von Heijne, 1983). The complete amino acid sequences of the A-
and B-chains, and the first 94 residues of the C-chain, of normal
human serum Clq had previously been established by protein
sequencing (Reid, 1979; Reid et al., 1982). Comparison of the
derived amino acid sequence of the human A-chain shown in
Fig. 1 with the published protein data revealed five areas of
discrepancy (as detailed in the legend to Fig. 1). Three of
these differences were predicted from both cDNA and genomic
sequences and all four changes increased the similarity shown
between the human and mouse A-chains, and thus these discrep-
ancies appear likely to be due to errors in amino acid sequencing
rather than to polymorphism. The fifth discrepancy involves the
C-terminal residues of the A-chain, which from the DNA
sequencing are predicted to be -Leu-Ile-Phe-Pro-Ser-Ala. Again
the derived amino acid sequence is taken to be correct in view of
the fact that the protein data relied heavily on the use of
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(a)
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CVIII
Clq B
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P A Y E
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M P A F T A E L T A P F P - P V G A P I K F D R L L Y N G R Q N Y N P Q
K I A F S A T R T I N V P L R R D Q T I R F D H V I T N M N N N Y E P R

539-578
611- 64 9
90-129

CX
CVIII
Clq B
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CVIII
Clq B

Cx
CVIII
Clq B

(b)

CVIII

Clq A

Clq B

Clq C

T G I F T C R I P G L Y Y F S Y H V H A K G T N V W V AmL Y K N G S P V --M Y
T G I F T C E V Y Y F A Y H V H C K G G N V W V A L F K N N E P V-- M Y
S G K F T C K V P G L Y Y F T Y H A S S R G - N L C V N L M R G R E R A Q K V V

T Y D E YQ K G Y L D Q A S GS A VI D LM E N D QVWLQL P N S E S N G LY
T Y D E Y K K G F L D Q A S|G|S A V L L L R P G D R|V|F L QIM P S E Q A A G L Y
T C DYA Y N T F Q V T TGG MV KLE Q G E NFV - - A T D K N SLL

S S E Y V HNS| F S G| FHL
A G Q Y V H|S|S|F S G| Y|L|L
G M E G A N SI F S G| F LL

4

A Q - I
Y P - M

F P D M E A

57 9-616
650- 687
130-168

617- 656
688-727
169-206

657- 673
728-74 4
207-22 6

CX CVIII Clq A Clq B

29.8

12 .2 12.0

12.7 13.2 17.5

12.6 12.9 17.2 24.9

Fig. 5. Comparison of type X (CX) and type VIII (CVIII) collagen NC1 domains, from chicken chrondrocytes and rabbit corneal endothelial cells
(Yamaguchi et al., 1989; Ninomiya et al., 1986) respectively, with the globular head region of human Clq B-chain (Clq B) (Reid, 1985)

(a) Alignment of CX, CVIII and Clq B was made by the AMPS program (Barton & Stemnberg, 1987). Gaps are inserted to maximize sequence
similarities, identical residues present in all three proteins are boxed and conservative replacements are underlined. Residue numbering is indicated
at the right of Figure. (b) Standard-deviation scores for pairwise alignment of CX, CVII, Clq B and equivalent regions of the Clq A and C-chains
by using the AMPS program. A bias of 6 was added to each term of the mutation data matrix and a gap penalty of 6 was used with 100 random
runs performed to establish mean random scores. Of the three chains in Clq, the B-chain has the highest degree of sequence identity with CX
(34%) and CVIII (38%).

carboxypeptidases and it was difficult to monitor quantitatively
the order of release of the proline/phenylalanine and isoleucine/
leucine pairs of residues. Comparison of the derived amino acid
sequence for the human C-chain also revealed differences with
the published protein data (as detailed in the legend to Fig. 3),
but it is not yet known if any of these differences represent
polymorphic sites or if they are errors made in the protein
sequencing.
Comparison of the mature forms of the human A-, B- and C-

chain amino acid sequences shows that there are four conserved
cysteine residues in each of the chains, at positions 4, 135, 154
and 171 (B-chain numbering; Fig. 4c), i.e. a total of 18 x 4 = 72
cysteine residues per molecule. The cysteine residues at position
4 in each chain (Fig. 4b) are involved in forming six A-B and
three C-C disulphide-linked dimers, and these are the only inter-
chain disulphide bonds in human Clq (Reid, 1976, 1983; Hughes-
Jones & Gardner, 1979). Of the 54 cysteine residues present in
the 'heads' formed from the globular regions of the A-, B- and
C-chains 36 appear to be involved in intra-chain disulphide
bonds and 18 appear to be present as free thiol groups (i.e. one
free thiol group per chain, three free thiol groups per head). The
value of 64 cysteine residues (26 disulphide bonds and 12 free
thiol groups) as reported for Clq by Heusser et al. (1975) seems
likely to be an underestimate in view of the value of 72 residues
from the derived protein sequence (Fig. 4). The lack of a cysteine
residue at position 171 in the mouse A-chain (Petry & Loos,
1989) suggests that the completely conserved cysteine residues at

positions 135 and 154 seen in the sequences available (Fig. 4c)
may be involved in formation of an intra-chain disulphide bond
in each chain whereas Cys-171 may contribute a free thiol group
when present. It has been proposed that the free thiol groups
in Clq can be involved in the formation of disulphide bonds
between Clq and IgG when the IgG is bound to Sepharose or
present in immune complexes (Martin et al., 1990), thus providing
a potentially important physiological role for these free thiol
groups.
Alignment of the C-terminal regions of the chains of human

Clq and mouse Clq indicates that there is a 'framework' of
conserved, predominately hydrophobic and neutral, amino acid
residues (approx. 25% of the total residues in each globular
region). These residues are probably responsible for maintaining
the structure of the 'heads' of the Clq molecule rather than
being involved in specific ionic binding of Clq to the Fc regions
of IgG or IgM. The amino acid sequences of the non-collagen-
like portions of the Clq chains (from residue 90 to the C-
terminus; Fig. 4c) show a strong similarity to the C-terminal
regions of type VIII (Yamaguchi et al., 1989) and type X
(Ninomiya et al., 1986) collagens (Fig. 5). The alignment scores
of 12.0 and 13.2 for comparison of residues 90-226 (B-chain
numbering) of the chains of Clq with the C-terminal regions of
type VIII and type X collagen illustrate the highly significant
degree of sequence similarity between the three proteins, since
scores of above 6.0 are considered very significant. The presence
ofmany completely conserved hydrophobic residues is suggestive
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that these are framework residues required to build a compact
globular structure, although in the case of Clq this is formed
from three different chains whereas the globular 'heads' of type
VIII and type X collagens are considered to be formed as homo-
trimers. One possible role of this highly conserved structure may
be to allow the correct alignment of the Gly-Xaa-Yaa repeating
triplets so that efficient triple-helix formation takes place. The
residues in Clq that lie outside the regions of similarity between
Clq and type VIII and X collagens may be involved in Clq
function, i.e. the binding of the globular 'heads' to the Fc regions
of IgG and IgM, by ionic interaction with a motif such as
-Glu318-Xaa-Lys320-Xaa-Lys322 found in the Cy2 domain of IgG
(Duncan & Winter, 1988). No specific binding functions have
been attributed to the relatively basic C-terminal globular
domains of the type VIII and type X collagens, which are
considered to interact with polyanions and perhaps play struc-
tural roles in the formation of Descement's membrane and the
development of cartilage respectively. However, it is clear that
this sequence of approx. 130 residues (Fig. 5), present in all three
proteins, defines a new type of structural domain.

In chemical and electron-microscopy studies, three other
molecules have been found to be structurally similar to Clq with
respect to being composed of chains linked at the N-terminal end
within a short stretch of non-collagen-like amino acid sequence,
followed by distinct collagen-like and then globular-type regions.
These three proteins, mannan-binding protein (Drickamer et al.,
1986; Lu et al., 1990), lung surfactant protein SP-A (Voss et al.,
1988) and conglutinin (Davis & Lachman, 1984; Strang et al.,
1986), are lectins, and their globular domains belong to the Ca2+-
dependent C-type lectin consensus amino acid sequence (as
defined by Drickamer, 1988) and therefore show no similarity in
sequence to the globular C-terminal regions of Clq. However,
lung surfactant protein SP-A is virtually indistinguishable
from Clq in the electron microscope, both displaying the very
characteristic hexameric structure described for Clq in the
Introduction. Mannan-binding protein is similar to Clq and
lung surfactant protein SP-A in overall structure but is found
mainly in the form of trimers and tetramers with relatively little
of the hexameric form. It is the hexameric form of mannan-
binding protein that has recently been demonstrated as capable
of activating the Clr2Cls2 proenzyme complex of the classical
pathway of complement without the involvement of Clq (Lu
et al., 1990), and this may be an important antibody-independent
route of complement activation in certain infections where there
has been no or little antibody response. Conglutinin has a more
flexible 'spider-like' structure when viewed in the electron
microscope. Clq, lung surfactant protein SP-A and mannan-
binding protein all have a characteristic 'bend' approx. half-way
along their collagen-like triple-helical regions, which corresponds
to one or more interruptions in the repeating nature of the Gly-
Xaa-Yaa triplets, whereas conglutinin does not appear to show
this feature. In human Clq A-chain a threonine residue is
inserted between two triplets at position A-39, and in the C-chain
an alanine residue is substituted for a glycine residue at position
C-36, whereas the B-chain does not have an interruption but
does appear to possess an extra triplet (Figs. 4b and 6). Modelling
studies have placed all the Gly-Xaa-Yaa triplets in Clq in an
almost perfect triple helix, with the helix 'bending' in the position
of the interruptions (Kilchherr et al., 1985). The human Clq A-,
B- and C-chain genes each contain a single intron (Fig. 2), and
in each case the intron/exon boundary lies between the first and
second bases for the codon for a glycine residue just before the
interruption of the Gly-Xaa-Yaa repeating sequences for the A-
and C-chains, and over the equivalent region in the B-chain. In
lung surfactant protein SP-A a cysteine residue is found in a
'glycine' position in the 14th triplet and a proline residue is

A chain:

B chain:

C chain:

MBP:

SP-A:

Type IV collagen:

G E P G A P G I R I G .

G E K G L P G L A - G .

G E P G I P A I K - G .

G E P G Q = G L R . G .

G P P G P M G P P G E M P c P P G .

G E P G L P G A = - G

Fig. 6. Sequence similarity between the chains of proteins containing
collagen-like sequences at the point where there is interruption to
the collagen-like sequence

Interruptions are seen in the collagen-like sequences of the human
Clq A- and C-chains, the human mannan-binding protein (MBP)
(Taylor et al., 1989), the human lung surfactant protein SP-A (White
et al., 1985; Sastry et al., 1989) and human type IV collagen
(Soininen et al., 1987). In each case an intron is found within the
codon for the glycine (in boldface) located between two and nine
residues before the interruption to the collagen-like sequence. The
human B-chain does not contain an interruption in its collagen-like
sequence but does show the presence of an intron within a codon
for glycine at an equivalent position to that found for the A- and
C-chains.

inserted between the 13th and 14th triplets (Fig. 6). In mannan-
binding protein an interruption is seen in the form of a deletion
of one residue in the eighth triplet. Genomic sequencing (White
et al., 1985; Sastry et al., 1989; Taylor et al., 1989) has shown
that in both lung surfactant protein SP-A and mannan-binding
protein there is an intron located within a glycine codon located
just before the positions where the interruptions to the collagen-
like sequence are seen at the protein level (Fig. 6). It therefore
seems possible that the positioning of the intron within the genes
of these proteins may confer some retention of structurally
important information, i.e. to ensure that the triple-helical regions
exhibit a 'characteristic' bend at a precise position within the
protein. In addition to Clq, mannan-binding protein and lung
surfactant protein, the human type IV collagen also shows this
feature at one of the numerous short interruptions seen in its
collagen-like region (Soininen et al., 1987; Fig. 6).
The collagen-like regions of Clq and mannan-binding protein

interact with the Clr2Cls2 complex and also the cell-surface Clq
receptor via ionic bonds (Reid et al., 1977; Siegel & Schumaker,
1983; Malhotra et al., 1990). Thus, in view of the similarity in
binding properties mediated via their collagen-like regions, it
might be expected that the chains of Clq and mannan-binding
protein might show some conservation of charged residues over
their collagen-like regions. Alignment of the amino acid
sequences corresponding to the collagen-like regions of the chains
of Clq shows only limited similarity between the chains apart
from the presence of the repeating glycine residues in the Gly-
Xaa-Yaa triplets (Fig. 4b). Only the cysteine residue at position
4, three proline residues at positions 17, 59 and 67 and a glutamic
acid residue at position 34 are completely conserved among the
three human Clq chains and also in human mannan-binding
protein (Taylor et al., 1989). This conserved glutamic acid
residue is within the Gly-Xaa-Yaa triplet immediately preceding
the region where the chains of both human and mouse Clq and
human mannan-binding protein show an interruption in the Gly-
Xaa-Yaa repeating nature of the collagen-like sequence. It is
therefore possible that both this negatively charged glutamic acid
residue plus the 'bends' seen in triple-helical regions are im-
portant structural features of the interaction of Clq and mannan-
binding protein with the Clr2Cls2 complex and/or the Clq
receptor found on a wide range of lymphoid cells.

We thank Dr. A. J. Day for carrying out the sequence alignment
studies using the AMPS program.
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